Introduction
Field effect transistors (FETs) have been proved to be sensi− tive and low noise terahertz (THz) detectors which can be used at room temperature [1] . Nevertheless, such crucial detector characteristics as the photoresponse linearity with respect to radiation intensity, the upper intensity limit of detection, as well as the dynamic range have not still been sufficiently studied.
In Ref. 2 an analytical model describing the intensity dependence of the terahertz response of a FET has been developed. The model predicts linear dependence of pho− toresponse on the radiation intensity followed by a square root dependence. Ref. 2 also presented experimental data for the photoresponse of InGaAs high electron mobility transistor (HEMT) to laser radiation at 1.63 THz with the incident power varied from 3 mW to 160 mW. A small devi− ation from linearity was observed at high radiation power. In Ref. 3 the photoresponse of AlGaAs−GaAs−n−FETs was studied up to 75 W of input radiation at 240 GHz. The response remained linear up to a certain input power de− pending on FET configuration and, then turned to square root dependence.
Recently, a different behaviour of Si MOSFETs' and InGaAs HEMTs' photoresponse was observed at the fre− quencies of 0.1THz− 3THz and the radiation power up to 100 kW/cm 2 [4] . The photoresponse increased linearly with an increasing radiation intensity up to the kW/cm 2 range. At higher intensities, a saturation of the photoresponse was observed for all investigated FETs. The observed photores− ponse saturation was explained by saturation of the transis− tor channel current.
The photoresponse of GaN−based gated heterostructures to THz radiation has been investigated in Refs. 5 and 6 in the 0.2-2.5 THz range, however, the intensity dependence of the photoresponse was not studied. Here we report on the photo− response dependence on the THz radiation intensity in ALGaN/GaN HEMTs. We compare experimental results with predictions of two theoretical models mentioned above.
Experimental details
The samples were based on AlGaN/GaN heterostructures grown by a metal−organic chemical−vapour deposition. Mo− bility at room temperature measured on a Hall bar was 1700 cm 2 /V · s. The gate layout of HEMTs had a T−shape with a gate width of 2×50 μm. The gate length L g was 150 nm, the distance between the source and gate L sg was 1.5 μm, the gate−drain spacing Lgd was 4 μm. The transistor top view is shown in Fig. 1 . One can see that the transistor can be considered as two parallel transistors (T1 and T2) with common drain and gate.
Transfer characteristics of the transistor are presented in Fig. 1 . We measured the total drain current as a function of the gate bias and currents in both channels, T1 and T2, inde− pendently. The threshold voltage differed for transistors T1 and T2: -4.08 V and -3.75 V, the drain current below thresh− old was higher for T1: 0.5 mA vs. 0.2 mA for T2; the drain current at U g > -1 V was almost the same for both T1 and T2.
The photoresponse was measured with two light sour− ces: (i) CW Schottky diode based source with a radiation frequency of 292 GHz and an output power of 4.5 mW and (ii) D 2 O laser providing 100 ns pulses at 1.1 THz (l = 280 μm), with an output power of about 10 kW.
The beams were focused onto the sample by a system of parabolic mirrors. The spatial D 2 O laser beam distribution had an almost Gaussian profile with a spot diameter of 1 mm. The incident radiation power was controlled by a photon drag detector [7] . The Schottky diode based source (292 GHz) was used only at its maximal output power; the beam spot diameter was 6 mm. No special antennas were used and the terahertz and microwave radiation were cou− pled to the device through bonding wires or metallization contact pads.
All measurements mentioned above were done at room temperature.
Theoretical background
The idea of THz detection by FETs was proposed by Dya− konov and Shur [8] . The incident THz radiation excites ac currents in a transistor channel under the gate which are rec− tified due to nonlinear properties of gated two−dimensional electron gas and source−drain asymmetry. The theory con− siders that the radiation is fed to one side of the channel, e.g., between source and gate. As a result, a direct voltage, DU, is built between the drain and the source. At room tem− perature, where our experiments were done, wt £ 1, (w = 2pf is the radiation frequency, t is the momentum re− laxation time), which corresponds to the regime of a broad− band non resonant detection. At low intensities the photo− response is proportional to the radiation intensity [8, 9] and can be given by Ref. 10
where U a is the amplitude of the external ac voltage induced between the gate and source by the incoming radiation, s is the channel conductivity, and 
where μ is the electron mobility.
One can see that the rectification length changes with gate bias and it can become greater than the gated channel length L ch at a certain value of U g . Figure 2 shows depend− ence of the characteristic rectification length L o calcula− ted with Eq. (2) using the transfer characteristic for the T1 channel. The mobility value used in the simulation was 1000 cm 2 /V× sec independent from the gate bias. It is seen that at 292 GHz Eq. (1) is not valid for the whole U g range, while at 1.1 THz it can be used from -4 V to -3 V only. For the case of L ch < L o , the photoresponse DU can be approximated by
4. Results and discussion
Photoresponse at 292 GHz
We simulated the photoresponse at 292 GHz for channels T1 and T2 separately, as well as for two channels in parallel (T) taking into account the dependence L o (U g ) and loading conditions [10] . Results are presented in channel. Previous interpretations of the experimental results did not take into account the L o (U g ). We see that this depen− dence might be quite important, for example, for T1 it accounts for the observed 22% decrease of the peak width and provides a good agreement between theory and experiment. We also note that the~15% difference in the peak width for channels T1 and T2 is due to the difference in corre− sponding transfer characteristics and leakage currents.
Photoresponse at 1.1 THz
In experiments at 1.1 THz all measurements were done only for the transistor as a whole (T). Figure 4 shows the pho− toresponse of the transistor T to the pulsed radiation from the D 2 O laser at 17 W/cm 2 . One can see that in experiment (points) the photoresponse changes sign as a function of gate bias. In fact it can be interpreted as a sum of two peaks: one positive and broad and the other negative and narrow.
The narrow peak can be well described by Eq. (3) for one of the channels (lines in Fig. 4 ). The broadening of the pho− toresponse for the second channel is not clear, but we would like to remind that even at low intensity (292 GHz) one of the response peaks was larger than the other one. The reason is in the higher leakage current in T1 channel that influences the transfer characteristics and, hence, the photoresponse. Under stressing conditions of a high intensity radiation, this difference could be accentuated and the channel T1 could become more degraded which would result in a further broadening of the photoresponse peak.
The sign change of photoresponse in FETs without spe− cially designed antennas was observed previously in Refs. 12 and 13 and was explained by feeding conditions of incoming radiation. The sign is determined by the side of the channel to which the radiation is predominantly coupled (phase effect of the coupling). Therefore, we can tentatively attribute the negative peak to the photoresponse of T2 and the positive broad signal to that of T1.
To understand why the contributions of two channels at 1.1 THz are of opposite sign and at 292 GHz they are of the same sign we should recall the difference in the beam diam− eters of laser and electronic source, 1 mm and 6 mm. As the transistor lay−out size with contact pads is about 400 μm × 250 μm the transistor illumination by laser could be more nonuniform than by electronic source and result to the photoresponse sign change.
The photoresponse dependency on the radiation intensity
The first models [8, 14] considered only the case of low radi− ation intensities when the photoresponse is proportional to intensity. The nonlinearity of the terahertz response at hig− her intensities was investigated in Ref. [2] . Experimental results reported in Ref. 2 showed a ten− dency towards a sub−linear behaviour in accordance with Eq. (4). The square root dependence of the photoresponse on the THz radiation intensity was observed in AlGaAs− GaAs−n−FETs [3, 15] at sub−THz frequencies.
However, experiments carried out on Si MOSFETs and InGaAs HEMTs in a wide frequency range [4] showed satu− ration of photoresponse at sufficiently high radiation inten− sities and no square root dependence was observed. To explain the observed saturation, the idea was put forward that the photoinduced direct current must be limited by the well−known saturation value of the drain current at a given U g . This idea was supported by the fact that the values of the saturated drain current in the dark and the saturated pho− toinduced current at the same U g were quite close.
We measured the photoresponse AlGaN/GaN HEMTs up to high levels of radiation intensity, 3 kW/cm 2 , at two gate biases U g , where the contributions of different sign are clearly pronounced. At U g = -2.4 V where the photores− ponse is positive we observed the square root dependence at high intensities while at U g = -3.8 V (negative signal) the photoresponse tends to saturate (Fig. 5, thin lines) . To ex− plain the saturation we cannot refer to the model of Ref. 4 because in our case the photocurrents reach μA region while the possible direct current at the same U g is at least by 2 orders higher (see Fig. 1 ). Moreover, the observed qualita− tive difference in the photoresponse of two channels of the same transistor, with close transfer characteristics, is very surprising.
This contradiction can be resolved if we suppose that the photoresponse at 1.07 THz is a superposition of T1 and T2 channel's contributions with opposite sign (as we have shown above in the previous section). We considered each contribution separately and found out that photoresponse of T1 and T1 channels depend on the intensity in a similar way: the linear dependency is followed by square root one (Fig. 5, thick lines) .
To separate positive and negative components of the photoresponse we proceeded in the following way: the wide positive peak tentatively attributed to the channel T1 was reconstructed, the amplitude of the second narrow peak (channel T2) was found as a difference of experimental curve and the wide peak (see insert to the Fig. 5 ).
As at -2.4 V only the T1 channel contributes to the photoresponse we know the intensity dependence of the wide peak and, thereby, of its maximum (we suppose that the shape of peaks does not change with intensity increas− ing). In this way we obtain the intensity dependence for the T1 channel photoresponse maximum presented in Fig. 5 by empty triangles and a thick line. The intensity dependence of T2 photoresponse absolute value was found as a sum of the curves measured at -3.8V and the curve for the T1 chan− nel (full triangles and thick line).
Thus, we obtained intensity dependences of photores− ponse maxima for T1 and T2 channels which are reasonably close as one could expect for channels of the same material and with similar current voltage characteristics. They are almost linear at the beginning and tending to square root dependence at high intensity in according to the theory [2] .
As one can see from this interpretation, the photores− ponse of each individual channel is several times higher that one of the entire transistor. Consequently, a FET detector design needs to be simpler than the classical transistor, oth− erwise significant losses of output signal can take place. As we show, at certain experimental conditions the losses can achieve an order of magnitude and the dynamic range of a detector can be substantially reduced.
Conclusions
We have studied the photoresponse of ALGaN/GaN HEMT in a wide range of THz radiation intensity. We show that the ALGaN/GaN HEMT can be used as a THz detector in CW and in pulsed regime up to radiation intensity of several kW/cm 2 . The dynamic range in the pulsed regime of detec− tion can be more than 2 decades.
We observed that the photoresponse of the HEMT could have a compound composition if two independent parts of the transistor are involved in the detection process; this result indicates that more simple, one channel, device may be preferable on the detection purpose.
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